Background: We investigated the predictive value of dihydropyrimidine dehydrogenase (DPD) phenotype, measured as pretreatment serum uracil and dihydrouracil concentrations, for severe as well as fatal fluoropyrimidine-associated toxicity in 550 patients treated previously with fluoropyrimidines during a prospective multicenter study.
Chemotherapy with fluoropyrimidines is used by over two million cancer patients each year (Scrip's Cancer Chemotherapy Report, Scrip's World Pharmaceutical News, 2002) . Of the patients treated, 10-30% experience severe treatment-related toxicity, which is lethal in 0.5-1% of the patients (Mikhail et al, 2010) . Identifying biomarkers that are predictive of patients' risk of fluoropyrimidineassociated toxicity has the potential to greatly improve the safety of large numbers of patients.
The most well-known biochemical cause of intolerance to fluoropyrimidines is deficiency of the key 5-fluorouracil (5-FU) metabolic enzyme, dihydropyrimidine dehydrogenase (DPD) (van Kuilenburg, 2004) . The fact that decreased DPD activity in peripheral blood mononuclear cells (PBMCs) is found in 39-61% of the patients who experience severe toxicity, demonstrates the critical relationship between DPD activity and fluoropyrimidineassociated toxicity (Milano et al, 1999; van Kuilenburg et al, , 2002 Johnson and Diasio, 2001) . Polymorphisms in DPYD, the gene encoding DPD, have received wide-spread attention as predictors of fluoropyrimidine-associated toxicity, and dose adaptation based on several of these DPYD variants is now recommended by the Clinical Pharmacogenetics Implementation Consortium (CPIC) (Caudle et al, 2013) . Upfront screening for the most well-known variant, IVS14 þ 1G4A (DPYD*2A), and doseindividualization in DPYD*2A allele carriers has recently been shown to improve the safety of these patients (Caudle et al, 2013; Deenen et al, 2016) .
Importantly, however, DPYD genotyping inherently has suboptimal sensitivity and positive predictive value (PPV), as a result of the fact that activity of DPD is regulated not only at the level of DPYD, but also to a relevant extent at the transcriptional level (e.g., by transcription factors SP1 and SP3) and the post-transcriptional level (e.g., by microRNA 27-a and 27-b; van Kuilenburg, 2004; Zhang et al, 2006; Offer et al, 2014; Amstutz et al, 2015; Meulendijks et al, 2016) . Genetic variants in TYMS, the gene encoding 5-FU's target thymidylate synthase (TS), have also been associated with risk of fluoropyrimidine-associated toxicity (Rosmarin et al, 2014) , but in contrast to DPYD variants there is currently insufficient evidence for clinical validity of TYMS variants.
Measuring the DPD phenotype has the potential to greatly improve the performance of an upfront test to identify patients at risk of severe and potentially fatal fluoropyrimidine-associated toxicity. However, measuring DPD activity upfront on a routine basis is technically and logistically challenging, laborious, and expensive .
DPD converts its endogenous substrate uracil (U) into dihydrouracil (DHU), and the pretreatment ratio of serum concentrations of DHU to U -the DHU/U ratio -has been investigated as a phenotypic measure of systemic DPD activity. Several studies have shown that the DHU/U ratio correlates with clearance of 5-FU and with patients' risk of toxicity (Gamelin et al, 1999; Ciccolini et al, 2004; Jiang et al, 2004; Boisdron-Celle et al, 2007; Zhou et al, 2007; Kristensen et al, 2010; Wettergren et al, 2012; Mueller et al, 2013; Galarza et al, 2016) . However, the clinical applicability of the DHU/U ratio has thus far been limited, mainly due to lack of robust evidence on clinical validity. Importantly, bioanalytical issues in previous studies that mainly used HPLC-UV techniques for quantification of U and DHU might have contributed to inconsistent results, as recently emphasised (Sistonen et al, 2014) . Importantly, it is unclear whether the DHU/U ratio or U concentrations alone best correlates with systemic DPD activity and risk of fluoropyrimidine-associated toxicity (Boisdron-Celle et al, 2007; Sistonen et al, 2014) . While most available studies have correlated the DHU/U ratio to fluoropyrimidine-associated toxicity, a large study by Boisdron-Celle et al in 252 patients showed that while U concentration correlated with 5-FU plasma clearance (r ¼ À 0.221, P ¼ 0.006 for 5-FU de Gramont regimen and r ¼ À 0.219, P ¼ 0.05 for weekly 4 h 5-FU), the DHU/U ratio did not correlate with 5-FU clearance (Boisdron-Celle et al, 2007).
We assessed, in 550 patients treated with fluoropyrimidinebased chemotherapy during a previous prospective multicenter study, the association between pretreatment U and DHU concentrations and early severe and fatal fluoropyrimidine-associated toxicity . In addition, we investigated correlations of the DHU/U ratio and U concentrations with PBMC DPD activity. Genotyping of DPYD and TYMS were also performed, to compare predictive value for severe toxicity. In this largest study to date investigating pretreatment serum U and DHU concentrations in relation to fluoropyrimidine-associated toxicity, we show that pretreatment U concentration may be of great value as a clinical predictor of severe and fatal fluoropyrimidineassociated toxicity which may complement current genotyping strategies.
MATERIALS AND METHODS
Patients and study design. The primary objective of this study was to assess the performance of pretreatment DPD phenotype, measured as pretreatment U concentrations or the DHU/U ratio, to identify patients at risk of severe fluoropyrimidine-associated toxicity. Genotyping of pharmacogenetic variants in DPYD and TYMS was performed to compare predictive value for severe toxicity.
A prospective multicenter study of DPYD*2A genotype-guided dosing of fluoropyrimidines (NCT00838370) in which 1631 patients were enroled and treated with standard fluoropyrimidine-based regimens (as monotherapy or in combination with other chemotherapy or radiotherapy) was the basis for this analysis . The primary endpoint of NCT00838370 was severe toxicity (grade X3) according to the NCI CTC-AE v3.0 (Bethesda, MD, USA).
For the current analysis, a subset of patients from NCT00838370 was selected to investigate the performance of pretreatment DPD phenotype to identify patients at risk of severe and fatal toxicity (Figure 1 ). Pretreatment serum was only collected at the main centre at which NCT00838370 was performed (The Netherlands Cancer Institute) and these samples were used for determination of U and DHU concentrations. All patients of whom a serum sample was available were included in this analysis (see consent procedures below). Patients of whom no serum sample was available were excluded. Patients treated with fluoropyrimidine-based chemoradiotherapy regimens were excluded, to avoid interference by radiotherapy-related toxicities which are not related to DPD deficiency. Further inclusion and exclusion criteria for enrolment in NCT00838370 have been published previously . Eighteen patients carrying the DPYD*2A allele were treated in NCT00838370 with an a priori reduced dose of fluoropyrimidines, and these patients were therefore also excluded from the analysis (Figure 1 ).
This analysis was performed on patient material collected previously for diagnostic purposes (secondary use). The patient material was used in accordance with the Dutch 'Code of conduct for responsible use of human tissue for medical research', drawn up by the Federation of Dutch Medical Scientific Societies (FEDERA, www.federa.org). In accordance with the code, Institutional Review Board (IRB) approval was obtained for the study, and anonymized patient material was used. All patients were informed in writing about the secondary use of their tissue, and in line with the code an opt-out procedure was in place (patients could object against the use of their material at any time). Only patients who did not object to the use of their tissue were included in this study. No additional informed consent was obtained from individual patients.
Determination of pretreatment DPD phenotype and associations with fluoropyrimidine-associated toxicity. Pretreatment serum U and DHU concentrations were measured using a validated LC-MS/MS method ( (Jacobs et al, 2016b) and Supplementary Material). We first determined whether U or the DHU/U ratio best correlated with DPD activity as measured in PBMCs (which is considered the gold standard for measurement of DPD phenotype) of healthy volunteers. This was done in an independent dataset of measurements in healthy volunteers (n ¼ 20, Jacobs et al, (2016a) ). Akaike information criterion (AIC) was used to determine model performance, and r was calculated to assess correlations. Subsequently, it was tested in 100 bootstrap samples whether U or the DHU/U ratio resulted in the best model (lowest AIC).
It was then determined whether U or the DHU/U ratio provided the best model describing risk of global severe toxicity in the main dataset of 550 patients treated with fluoropyrimidine-based chemotherapy. This was done by comparing the AIC of a logistic regression model to predict global severe toxicity which included either U or the DHU/U ratio (as continuous variables), with adjustment for age, gender, and treatment regimen (i.e., concomitant chemotherapy; details below). This was done in the original dataset and, subsequently, in 1000 bootstrap samples to assess internal validity.
No cutoff for pretreatment DPD phenotype has yet been defined to classify patients at increased risk of fluoropyrimidine-associated toxicity. Based on the previously estimated frequency of DPD deficiency of at least 3%, we hypothesised that the patients in the lowest 3 percentiles of DPD phenotypes would be at clinically relevant increased risk, corresponding to the highest 3 percentiles of pretreatment U concentrations, percentiles 98-100 (Etienne et al, 1994; Johnson and Diasio, 2001; Van Kuilenburg et al, 2002; Mattison et al, 2006) . We investigated the risk of toxicity for this group of patients. Because several studies estimated a much higher frequency of DPD deficiency (up to 61% of the patients who experience severe toxicity (van Kuilenburg, 2004 )), we defined two additional groups of patients in which we investigated risk of toxicity, corresponding to percentiles 95-97 and percentiles 92-94 of pretreatment U concentrations. The remaining patients (in percentiles 1-91) were considered the reference group for tests of associations with severe toxicity.
Sensitivity analyses to determine associations between pretreatment DPD phenotype and fluoropyrimidine-associated toxicity. Sensitivity analyses were performed to investigate the robustness of observed associations between pretreatment DPD phenotype and risk of global severe toxicity. First, at each possible cutoff within the observed range of serum concentrations of U, an OR for severe toxicity and its 95% confidence interval (CI) was determined using a logistic regression model that included a factor with two levels (U above cutoff vs U below cutoff), with adjustment for age, gender, and treatment regimen. This was done first in the original dataset, and ORs and their 95% CIs were plotted against the range of cutoffs. In addition, this analysis was repeated in a bootstrap analysis in which at each cutoff 1000 bootstrap samples were drawn to estimate the risk of severe toxicity for patients with pretreatment U above the cutoff vs patients below the cutoff. For this bootstrap analysis, median ORs and their bias-corrected 95% CIs were plotted against the range of cutoffs.
Pharmacogenetic variants in DPYD and TYMS and associations with fluoropyrimidine-associated toxicity. Candidate pharmacogenetic variants in DPYD and TYMS were identified and selected based on a systematic literature search, to determine their clinical validity (Further details are available in the Supplementary Material). The selected variants were: DPYD c.2846A4T (rs67376798), DPYD c.1679T4G (rs55886062), DPYD c.1129-5923C4G (rs75017182), DPYD c.1601G4A (rs1801158), TYMS 5'-UTR VNTR (variable number of 28-bp tandem repeats, rs34743033/rs45445694), and TYMS 3'-UTR 6-bp ins/del (rs11280056). DPYD*2A was not included, as patients carrying this allele were already excluded from this analysis in view of the dose-adapted treatment they received in NCT00838370.
The PCR methods used to determine genotypes are detailed in the Supplementary Material. All variants were tested for deviation from Hardy-Weinberg equilibrium using the exact test (Wigginton et al, 2005) . Associations between pharmacogenetic variants in DPYD and severe toxicity were analysed under dominant models. For the TYMS variants, logadditive, recessive, and dominant models were investigated. In addition, the TYMS risk score ( ¼ the total number of risk alleles present for the TYMS 5 0 -UTR VNTR and TYMS 3 0 -UTR 6-bp ins/del polymorphisms, as proposed by (Rosmarin et al, 2014) ), was investigated. The pharmacogenetic analysis was performed in the same patients as selected for analysis of DPD phenotype ( Figure 1 ). Because DNA samples were available for all 1613 patients who were found to be DPYD*2A wild type in study NCT00838370, a secondary pharmacogenetic analysis was performed in this entire cohort, in order to further characterise the predictive value of these genotypes for severe toxicity.
Endpoints and data analysis. The primary endpoint of this analysis was global (any) severe fluoropyrimidine-associated toxicity, that is, grade X3 toxicity according to the NCI CTC-AE v3.0, occurring during the first cycle of treatment. Global (any) severe toxicity and individual types of severe toxicity, gastrointestinal toxicity, haematological toxicity, hand-foot syndrome, and cardiological toxicity were dichotomized as absent to moderate (grade 0-2) vs severe (grade 3-5). Considering only cycle one for severe toxicity assessment was considered most adequate, because in an analysis of the entire treatment duration using logistic regression there are large differences in treatment duration and consequent fluoropyrimidine-exposure between patients which are not corrected for. This potentially biases the results, for example, as a result of attrition bias or treatment modifications during the course of therapy, such as dose reductions. Also, with increasing treatment duration the cumulative incidence of severe toxicity increases, thereby reducing sensitivity to estimate differences in risk for severe toxicity between groups, due to the fact that the OR will gradually trends towards 1.0 with increasing cumulative incidence (further detailed in Supplementary Material of Meulendijks et al, (2015) ).
Associations of the DPD phenotype and of the pharmacogenetic variants with severe toxicity were tested in logistic regression models, with adjustment for age (continuous), gender, and treatment regimen (categorised as capecitabine monotherapy, capecitabine plus platinum, capecitabine plus taxane, capecitabine-based triplet combination, capecitabine plus other drug, or 5-FU-based chemotherapy). The starting dose of capecitabine was highly collinear with type of regimen and was not predictive of toxicity after adjustment for treatment regimen; it was therefore not included in the models. Associations with toxicity-related hospitalisation during the first cycle, and with fatal fluoropyrimidine-associated toxicity were assessed in separate analyses, using the same covariables. For testing associations with fatal fluoropyrimidine-associated toxicity, the whole treatment duration was taken into account, in view of the low number of events of fatal toxicity.
In order to control for type I errors as a result of testing associations with toxicity for four variants in DPYD, two variants in TYMS, and three groups based on low DPD phenotype, the Benjamini-Hochberg false discovery rate (FDR) method was used (Benjamini and Hochberg, 1995) . A FDR rate of qo0.050 was used, which corresponded to Po0.010 for testing associations with global severe toxicity. The same threshold was applied for the individual types of toxicity and toxicity-related outcomes, because they were assumed to be dependent on global toxicity. Statistical tests resulting in Po0.010 can therefore be considered formally significant and those that achieved Po0.050 as nominally significant. Sensitivity, specificity, positive predictive value (PPV), negative predictive value (NPV), and F1 score (the harmonic mean of sensitivity and PPV) for predicting severe toxicity were calculated for DPYD variants and the DPD phenotype.
The effects of DPYD variants on DPD phenotype were assessed. Kruskal-Wallis and Mann-Whitney U-tests were used to test for differences in DPD phenotype between patients according to DPYD variants. The threshold for significance for the latter analysis was Po0.050. All statistical analyses were performed using R v3.1.0 (Vienna, Austria).
RESULTS
Patients. The process of patient selection for analysis is shown in Figure 1 . Patient and treatment characteristics, and frequencies of adverse events are summarised in Table 1 .
Pretreatment U concentration as a predictor of severe and fatal fluoropyrimidine-associated toxicity. It was first analysed whether U or the DHU/U ratio best correlated with PBMC DPD activity. This analysis showed that pretreatment U was superior to the DHU/U ratio (Supplementary Material and Figure 2A) . Subsequently, the association between pretreatment U concentration and severe toxicity was analysed. As expected based on correlations with PBMC DPD activity, also in relation to predicting severe toxicity U was superior to the DHU/U ratio based on AIC (AIC 363.5 for basic clinical model with age, gender, and treatment regimen as covariables, AIC 357.7 for basic clinical model plus U concentration, and AIC 362.0 for basic clinical model plus the DHU/U ratio). Also in bootstrap analysis U concentration was the superior predictor (Supplementary Material).
Uracil as a continuous variable was strongly predictive of global severe toxicity (OR 2.75 per 10 ng ml À l , 95% CI 1.39-5.44, P ¼ 0.004), gastrointestinal toxicity (OR 5.58, 95% CI 2.08-14.9, P ¼ 0.0006), toxicity-related hospitalisation (OR 2.53, 95% CI 1.23-5.19, P ¼ 0.011), and fatal treatment-related toxicity (OR 5.11, 95% CI 1.56-16.7, P ¼ 0.007), but not significantly associated with haematological toxicity (OR 1.53, 95% CI 0.59-3.96, P ¼ 0.383).
Pretreatment U concentrations were between 3.2 and 38.2 ng ml À l ( Figure 2B ). Based on the observed distribution for pretreatment U, the upper three percentiles of pretreatment U concentrations corresponded to U416 ng ml À l (n ¼ 17). The next two groups were 13.9-16 ng ml À 1 (n ¼ 17) and 13-13.8 ng ml À 1 (n ¼ 16), respectively ( Figure 2B ). As shown in Figure 3 , patients with pretreatment U416 ng ml À l , as well as patients with UX13.9-16 ng ml À 1 , were at significantly increased risk of global severe toxicity compared to patients with low pretreatment U (o13 ng ml À 1 ), with OR 8.2 (P ¼ 0.0004) and OR 5.3 (P ¼ 0.0087) for groups UX13.9-16 ng ml À 1 and U416 ng ml À 1 , respectively. Pretreatment U concentration was also strongly associated with risk of gastrointestinal toxicity and toxicity-related hospitalisation in patients with pretreatment UX13.9 ng ml À 1 . For patients with pretreatment U concentrations 13-13.8 ng ml À 1 , risks of toxicity outcomes were not significantly increased.
While fatal treatment-related toxicity was rare in the group of patients with normal pretreatment U (o13 ng ml À 1 ), with 2/500 patients (0.4%) suffering fatal treatment-related toxicity, in the group of patients with pretreatment U concentrations416 ng/ml, two out of 18 patients (11%) suffered fatal toxicity (P ¼ 0.0011, Figure 3) . Figure 4 depicts the results of the sensitivity analysis in which at each possible cutoff between serum U 6-16 ng ml À l an OR for severe toxicity with its corresponding 95% CI were determined using logistic regression. The OR reflects risk of severe toxicity for patients with serum U above the cutoff depicted on the x-axis vs patients who are below the cutoff with adjustment for age, gender, and treatment regimen. Risk of global severe toxicity ( Figure 4A ) and severe gastrointestinal toxicity ( Figure 4B ) were found to increase proportionally with increasing pretreatment U concentration. Bootstrap analysis confirmed these results (Supplementary Material), and when pretreatment U was plotted against the log odds for severe toxicity using spline regression, a linear increase in the risk of severe toxicity was observed over the range of serum U concentration of 8-20 ng ml À 1 (Supplementary Material).
Associations between pharmacogenetic variants in DPYD and TYMS and fluoropyrimidine-associated toxicity. All pharmacogenetic variants were in Hardy-Weinberg equilibrium (Po0.05). None of the individual DPYD variants were found to be significantly associated with global severe toxicity ( Figure 5A ). With regard to individual subtypes of toxicity outcomes, associations were found between DPYD c.1129-5923C4G and toxicity-related hospitalisation (OR 3.2, P ¼ 0.047), DPYD c.1601G4A and gastrointestinal toxicity (OR 5.0, P ¼ 0.026), and DPYD c.1601G4A and toxicity-related hospitalisation (OR 3.1, P ¼ 0.018). When the DPYD variants were combined, they were found to be associated with gastrointestinal toxicity (OR 4.1, P ¼ 0.017) and associated with toxicity-related hospitalisation (OR 3.3, P ¼ 0.002). None of the TYMS variants were associated with toxicity outcomes ( Figure 5B ). When the entire cohort of 1613 patients was genotyped, none of the individual DPYD variants were found to be associated with global severe toxicity, nor were the TYMS variants ( Figure 5C ). For c.2846A4T and c.1679T4G combined, there was evidence for an association with global severe toxicity (OR 3.0, 95% CI 1.05-8.77, P ¼ 0.040). In addition, DPYD c.1679T4G alone was associated with haematological toxicity (OR 24.9, 95% CI 1.74-354, P ¼ 0.018). The four DPYD variants, combined, were associated with toxicity-related hospitalisation (OR 2.1, 95% CI 1.20-3.63, P ¼ 0.009). There were no significant associations between DPYD variants and fatal treatment-related toxicity (OR 3.0, P ¼ 0.202, for all DPYD variants combined, not shown in Figure 5C ).
Associations between DPYD variants and increased pretreatment U concentration. Figure 6 shows the relationship between DPYD variants and pretreatment U concentration. Overall, the DPYD variants (combined) were significantly associated with U concentrations (P ¼ 0.009). Both c.2846A4T and c.1679T4G were individually associated with increased U concentrations (Po0.001 and P ¼ 0.024, respectively). In contrast, c.1129-5923C4G and c.1601G4A were not associated with pretreatment U (P ¼ 0.105 and P ¼ 0.431, respectively).
Performance of DPYD variants and pretreatment U to predict early severe toxicity. Sensitivity, specificity, PPV, NPV, and F1 score for first cycle global toxicity were calculated for DPYD genotyping and pretreatment phenotyping, as well as for combination strategies. To assess diagnostic accuracy of genotyping, we combined the DPYD variants which were clinically validated in a recent meta-analysis which was published while preparing the current manuscript, that is, c.2846A4T, c.1679T4G, and c.1129-5923C4G (Meulendijks et al, 2015) . The variant DPYD c.1601G4A was not included is these calculations as this variant could not be clinically validated in the meta-analysis (Meulendijks et al, 2015) .
For combined genotyping of c.2846A4T, c.1679T4G, and c.1129-5923C4G, sensitivity was 6%, PPV 13%, specificity 95%, and NPV 88%. For pretreatment U (at a cutoff of X13.9 ng ml À 1 ), 
In the overall population (n ¼ 550), four patients (0.7%) suffered fatal fluoropyrimidineassociated toxicity. These cases were associated with the following toxicities: grade 3 diarrhoea with dehydration, kidney failure, and circulatory decompensation; grade 4 cardiological toxicity; grade 2 diarrhoea with sepsis; and grade 3 diarrhoea with dehydration and circulatory decompensation. sensitivity was 18%, PPV 35%, specificity 95%, and NPV 90%. Since sensitivity and PPV are considered the most relevant parameters in this context, we also calculated the F1 score, the harmonic mean of sensitivity and PPV. F1 score was 8% for genotyping of variants c.2846A4T, c.1679T4G, and c.1129-5923C4G, while it was 24% for phenotyping alone (cutoff for U concentration X13.9 ng ml À 1 ). For genotyping and phenotyping combined, sensitivity was 22%, PPV 24%, specificity 91%, NPV 90%, and F1 score 23%. Further data on diagnostic accuracy are detailed in the Supplementary Material.
DISCUSSION
In this study we showed that high pretreatment serum U concentration (416 ng ml À 1 ) was strongly associated with severe fluoropyrimidine-associated toxicity (OR 5.3, P ¼ 0.0087), as well as fatal fluoropyrimidine-associated toxicity (OR 44.8, P ¼ 0.0011), and risk of severe toxicity increased proportionally with increasing serum U concentration. Sensitivity to identify patients at risk of early severe toxicity was three times higher for phenotyping (18%), than for genotyping of the established DPYD variants c.2846A4T, c.1679T4G, and c.1129-5923C4G (6%) (Meulendijks et al, 2015) . Similarly, PPV of phenotyping was found to be 35 vs 13% for genotyping of the established DPYD variants. Combined genotyping and phenotyping did not further improve diagnostic accuracy compared to phenotyping alone.
In contrast to the strong predictive value of U concentration, known DPYD genotypes appeared only moderately predictive of severe toxicity in the same patient population. The TYMS variants, which were previously found to have a modest association with severe fluoropyrimidine-associated toxicity in a meta-analysis (OR 1.36 for TYMS 5 0 -VNTR, Po0.001; and OR 1.25 for TYMS 3 0 -UTR, P ¼ 0.02; Rosmarin et al, 2014), were not associated with toxicity in our study. In view of the modest effect size observed for these variants, both in this study and the previous meta-analysis, the value of these pharmacogenetics variants in TYMS in clinical practice should be questioned.
Our results suggest that pretreatment serum U concentration can potentially strongly improve an upfront test to identify patients with DPD deficiency who are at high risk of severe and potentially fatal toxicity. Concentration of U was found to correlate better with PBMC DPD activity (in healthy volunteers) and better predicted toxicity than the DHU/U ratio in patients. These findings may be explained by the metabolism of U and DHU. Uracil is metabolised via three sequential reactions: U is converted into DHU by DPD, which is converted into beta-ureidopropionate by dihydropyrimidinase, which is converted into beta-alanine, ammonia, and CO 2 by beta-ureidopropionase. The activity of the first enzyme in this scheme, DPD, is the main Figure 3. Associations of pretreatment serum uracil concentrations with toxicity outcomes. Associations of pretreatment serum uracil concentrations with toxicity outcomes in the entire population of 550 patients. * 2/17 patients (12%) in the uracil 416 ng ml À l group had fatal treatment-related toxicity, compared to 2/500 patients (0.4%) among patients with uracil concentrations o13 ng ml
. Fatal treatment-related toxicity did not occur among patients with pretreatment U concentrations of 13-13.8 or 13.9-16 ng ml
. Associations with fatal toxicity were determined with adjustment for age and gender but not treatment regimen (due to the low number of events). OR ¼ odds ratio; CI ¼ confidence interval. Cutoff for pretreatment uracil (ng ml -1 ) 7 8 9 10 11 12 13 14 15 16 Odds ratio for severe toxicity if pretreatment uracil is above Cutoff Figure 4 . Risk of global severe toxicity and severe gastrointestinal toxicity at varying cutoff levels for pretreatment serum uracil. Results from the analysis to estimate the risk of global severe (grade X3) toxicity and severe gastrointestinal toxicity at varying cutoffs for pretreatment uracil concentration in the original dataset, adjusted for age, gender, and treatment regimen. The solid line depicts the estimated odds ratio for risk of severe toxicity for patients with pretreatment uracil concentrations above the cutoff, vs patients with uracil concentrations below the cutoff. The dashed lines represent 95% confidence intervals. Odds ratios and 95% confidence intervals are shown on a log scale. Results of the pharmacogenetic analysis investigating associations between DPYD variants (A) and TYMS variants (B) in the primary cohort of 550 patients. The frequencies of early hand-foot syndrome and cardiological toxicity were too low in the population to investigate associations with these individual types of toxicity. The associations mentioned as 'not estimable' could not be estimated due to too few events of severe toxicity. For the TYMS variants, the results are shown for the log-additive pharmacogenetic model. The other models (dominant, recessive, or risk score) resulted in similar, non-significant, associations between TYMS genotypes and toxicity outcomes (details not shown).
Results of the pharmacogenetic analysis in the larger cohort of 1613 patients are shown in C. OR ¼ odds ratio; CI ¼ confidence interval.
determinant of toxicity upon treatment with 5-FU because 5-FU is converted by DPD into the non-cytotoxic compound 5,6-dihydrofluorouracil. Ito et al modelled the catabolism of U, and showed that in the overall cascade of enzymes, dihydropyriminidase (which converts DHU into beta-ureidopropionate) is rate-limiting (Ito et al, 2005) . This is reflected by the approximately 10 times higher concentrations of DHU compared to U in plasma, and indicates that concentrations of DHU are mainly determined by dihydropyrimidinase, and not by DPD. This may explain our finding that taking into account concentrations of DHU in addition to U -by incorporating it in the DHU/U ratio -did not lead to better prediction of toxicity than by using U concentration alone. Further supportive data come from a study in which 500 mg m À 2 U was administered to a group of individuals with DPD deficiency and a group with normal DPD activity (van Staveren et al, 2011) . It was found that while exposure to U (measured as AUC) was 230% in DPD deficient subjects (130% increased) compared to subjects with normal DPD activity, the difference in DHU exposure was much smaller (25% reduction in exposure in DPD deficient subjects compared to DPD proficient subjects).
In our study U and DHU concentrations in relation to fluoropyrimidine-associated toxicity were measured using a validated LC-MS/MS method (Jacobs et al, 2016b) . This is of relevance, since previous studies mainly used methods based on UV detection and, as shown recently, there has been large variability in the reported ranges for the DHU/U ratio in these studies, which could indicate that bioanalytical issues may have negatively affected results in previous studies (Sistonen et al, 2014) .
Determination of an optimal cutoff for pretreatment U concentration to identify patients at risk of severe toxicity was not a formal aim in our study. Based on our results, however, it appears that it can be safely assumed that there is a clinically relevant increase in risk of severe toxicity above 16 ng/ml, and possibly for patients with pretreatment UX13.9-16 ng ml À 1 . Dose adaptation in patients with elevated pretreatment U concentration has the potential to increase the safety of DPD deficient patients at high risk of severe and fatal toxicity, and prescreening could be an effective approach to improve patient safety. Determination of the threshold for dose adaptation should therefore be an important objective of future studies.
A limitation of our study is that we did not externally validate the clinical validity of U concentration in an independent cohort of patients treated with fluoropyrimidines. However, we did validate the association between U concentration and PBMC DPD activity in a small independent dataset of healthy volunteers. We also performed different sensitivity analyses, which showed that risk of severe toxicity increased proportionally with increasing pretreatment U concentration, supporting the validity of our findings, which are further backed up by previous smaller studies suggesting the clinical validity of pretreatment DPD phenotype (BoisdronCelle et al, 2007; Zhou et al, 2007; Kristensen et al, 2010; Wettergren et al, 2012) . We are currently undertaking a prospective validation study to replicate our current findings in 1250 patients (NCT02324452).
Our findings should be interpreted in the context of the fact that patients with the DPYD*2A variant were excluded from the analysis (n ¼ 18, 1% of a typical Caucasian population). Calculations of diagnostic accuracy could therefore be affected as a result, but it is expected that this will only affect sensitivity and PPV to a minor extent in view of the low frequency of DPYD*2A. Furthermore, we found that DPYD*2A genotype strongly correlates with high pretreatment U concentration (unpublished observations), indicating that pretreatment U concentration is also able to identify these patients.
In conclusion, this study indicates that pretreatment U is a highly promising phenotypic marker with high sensitivity and PPV to identify patients at high risk of fluoropyrimidine-associated toxicity, that could be used alone or in combination with DPYD genotype-based dose-individualization to improve patient safety. The safety of 3-6% of the patients treated with fluoropyrimidines could thereby be improved. Prospective investigations to confirm the clinical validity and, importantly, the clinical utility of pretreatment U concentration are now warranted. Overall, DPYD variants were associated with an increase of pretreatment uracil concentrations of 12% (P ¼ 0.003). The c.2846A4T and c.1679T4G variants were associated with significantly higher uracil concentrations ( þ 82%, Po0.001 and þ 41%, P ¼ 0.024, respectively). In contrast, c.1129-5923C4G and c.1601G4A were not significantly associated with pretreatment uracil concentrations ( þ 12%, P ¼ 0.105 and À 1%, P ¼ 0.431, respectively). * wild type for DPYD*2A, c.2846A4T, c.1679T4G, c.1129-5923C4G, and c.1601G4A. ** the cohort of 550 patients contained 2 patients with the c.1679T4G variant. In view of the low frequency of this variant, the third patient who carried c.1679T4G from the entire cohort of 1613 patients was phenotyped solely for the purpose of this analysis investigating the association between DPYD variants and pretreatment serum uracil concentration (this patient received chemoradiotherapy and was therefore excluded from the main analysis).
